This work proposes the production of Cu-Sn alloy coatings with anticorrosive properties, using an environmentally non-aggressive bath. The coatings were electrodeposited on carbon steel substrate AISI 1020 using an electrolyte containing CuCl 2 and SnCl 2 , and sodium tartrate as the complexant agent. The produced coatings were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), inductively coupled plasma optical emission spectrometry (ICPOES) and electrochemical impedance spectroscopy (EIS). The film showing the highest corrosion resistance was obtained using j = 100 Am -2 . This coating was composed by 95.18 % m/m Cu and 4.83 % m/m Sn, and presented a uniform surface, without defects and small grain sizes. These characteristics probably contributed to the formation of Cu-Sn protective film onto steel substrate from a tartrate bath.
Introduction
Cu-Sn alloys coatings have a wide application in industry due to their excellent characteristics, such as low surface tension, weldability and ductility. In addition, these alloy coatings present a great corrosion resistance in comparison with those containing only copper or tin 1 . Generally, the corrosion resistance of the Cu-Sn coatings increases with the Sn content in the alloy 2 . Cu-Sn alloy films are also used as decorative layers for metallic artifacts, due to their attractive appearance 1, 3 . When the deposition conditions are chosen properly, the alloy color ranges from bright yellow to grey, directly depending on the Cu:Sn ratio in the electrolytic bath 2 . However, small changes in the optimal deposition conditions may cause the formation of unattractive grey deposits 3 . Electrodeposition is one of the most widely used methods to produce metallic alloys films, as the Cu-Sn nones. This process has great economic interest because it allows less noble materials to be employed industrially as substrates, with excellent results 4 . The coatings obtained by this process may present, anticorrosive, mechanical, optical or electrical enhanced properties, for example 5 . However, the electrodeposition of metallic alloy coatings requires the simultaneous reduction of all the ions present in the bath on the electrode surface. Generally, it is not a simple task due to the high differences between the reduction potentials of the metallic ions constituting the alloy 6 . Even though, it is possible to make the potentials closer by using complexing agents 4 . Despite its high toxicity and the need for strict control of its solutions, the most widely used complexing agent in the electrodeposition of copper alloys is still the cyanide ion. Moreover, prolonged use of cyanide baths also leads to a decrease in the quality of the produced coating 4 . Therefore, there are several works concerning the use of alternative, environmentally-friendly electrolytic baths, that can be as efficient as cyanide ions in producing the metallic coatings 4, [6] [7] [8] [9] [10] . Among the environmentally friendly electrolytes currently used, citrates, gluconates, sulfamates, tartrates and glycinates are the most studied baths for the electrodeposition of copper alloy coatings 7, [11] [12] [13] . These compounds are non-toxic complexing agents, easily obtained and degraded 12, 14, 15 . Previous works have shown that it is possible to obtain bright and uniform Cu-Zn and Cu-Co alloys coatings using environmentally favorable citrate and glycinate baths 4, 6, 10, 13, 16 . The tartrate ion is an organic additive in the electrodeposition process of different metals and alloys, as have been reported in the literature 17, 18 . Sodium tartrate was used as an additive for the electrodeposition of Cu-Sn alloys from an acid bath, producing levelled coatings 19, 20 . The tartrate ion is known as a complexing agent for Cu (II) and Sn (II) ions. As a bidentate ligand, it is able to form chelates of Cu (II) ions in a wide pH region 21 . It is expected that the tartrate ion form stable Cu-Tartrate complexes, favoring the reduction of the Sn (II) ions and then facilitating the formation of the Cu-Sn alloy.
Therefore, the aim of this work was to produce Cu-Sn alloy coatings on carbon steel substrates, using an environmentally non-aggressive electrolytic bath based on sodium tartrate as the complexing agent. The coatings were produced using direct current and were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), inductively coupled plasma optical emission spectrometry (ICPOES) . A three-electrode electrochemical cell was used, consisting of an AISI 1020 carbon steel disk as the working electrode (exposed area = 4.9 cm 2 ), the saturated calomel electrode (Hg/Hg 2 Cl 2 , SCE) as the reference electrode, and a Pt spiral as counter electrode. The steel electrode was first sanded with emery paper (100 to 600 mesh), polished with alumina grade no. 2, washed with deionized water and alcohol and finally dried, before being immersed in the solution. The Pt spiral was immersed in 20 % v/v HNO 3 solution for 1 minute, immediately before being used in the experiment, to remove any oxide layer that could be present.
2.2.Electrodeposition experiments
The electrodeposition experiments were carried out in duplicate series, using the same potentiostat/galvanostat and the electrochemical cell earlier described in topic 2.1, as well as the same cleaning procedures for both the work and the counter electrodes used. The produced layers were dissolved in 20 % v/v HNO 3 , and the alloy composition was determined by inductively coupled plasma optical emission spectrometry plasma (ICPOES), using an equipment Thermo SCIENTIFIC iCAP 6000 SERIES. These results and the theoretical mass obtained from the Faraday's law were used to calculate the cathodic current efficiency (E f ) value for each deposition time 6, 10, 22 . The content of each metal in the coatings was calculated as the % m/m Cu and % m/m Sn, using Equations (1) and (2), respectively.
(1) (2) Based on the electrodeposition experiments, partial polarization curves were obtained by calculating the effective currents densities used for copper and tin deposition (j Cu and j Sn , respectively) from the element contents in the alloy coating and the current efficiency. In each case, the partial currents were associated with the corresponding potential response of the total applied current density.
Coatings characterization 2.3.1. Morphological analysis
Scanning electron microscopy (SEM) was performed using a JEOL JSM G510 LV microscope to evaluate the effect of the current density on the surface morphology of the coatings. The samples were cleaned with alcohol, dried and adapted to the stub using a conductive tape. The analysis was carried out in high vacuum and in the secondary electron mode, using voltage of 20 kV.
Microstructural characterization
Microstructural analysis of the Cu-Sn coating was performed by X-ray diffraction (XRD) using a diffractometer Rigaku Ultima IV and Cu-Kα radiation (λ = 1.5406 Å), at 40 kV. The 2θ ranged from 10 o to 100 o , at a scanning rate of 0.020 o s -1 . The identification of the microstructural phases in the deposited sample was carried out by using the software Materials Date JADE 5 XRD pattern processing. The more prominent diffractogram lines from the Cu-Sn alloy deposit were fitted by a Gaussian equation (using Microcal Origin ®, release 8.0) to determine the 2θ values used to calculate the d (hkl) parameters of the diffraction lines. The same fitting was used to determinate the full width at half maximum (FWHM) and the height of the most prominent line. As the FWHM of the X-ray diffraction line is related to the apparent size of the particle 23 , this parameter was used to evaluate the size of the crystallites using Equation (3): (3) where d p is the crystallite size, k is a constant related to the type of the crystal structure, λ is the wavelength of the incident radiation (nm), and β is the FWHM 23 .
Corrosion experiments
Electrochemical impedance spectroscopy (EIS) experiments were used to evaluate the anticorrosive ability of the Cu-Sn coatings produced on steel substrate under the conditions described in section 2. a three-electrode cell, in which the working electrodes were the coating/substrate systems produced using each current density, the counter electrode was a platinum spiral, and the reference electrode was a saturated calomel electrode (SCE).
The EIS evaluations were performed in duplicate, at the open circuit potentials of the samples, after potential stabilization (approximately 1h), in a frequency range of 10 5 to 10 -3 Hz and amplitude of 10 mV. A potentiostat/ galvanostat AUTOLAB PGSTAT 302N was used to perform these experiments.
The EIS data were fitted using the NOVA 1.10 software (Metrohm Autolab). The values of the double layer electrical capacitance (C DCE ) were calculated from the constant phase element (CPE) using Equation (4): (4) Figure 1 shows the polarization curve obtained for the carbon steel electrode using the solution containing Cu (II) and Sn (II) ions, as well as sodium tartrate as the complexant agent. This curve was performed to select the current density values (j) for the electrodeposition tests. ) to produce the metallic coatings in a wide range of copper and tin contents.
Results and Discussion

Cathodic polarization curves
Electrodeposition of Cu-Sn coatings
The Cu-Sn coatings were produced in duplicate, by galvanostatic electrodeposition on carbon steel using the selected current density (j) values. Although Silva et al. 4 have shown that adherent Cu-Zn coatings could be produced from a citrate bath even at small values of cathodic current densities (<10 A m Figure 2 shows the average values obtained for the cathodic current efficiency (E f ) in each applied current density. The E f values were relatively high, with the highest value (84%) obtained for the coating produced at j = 80 A m -2 . However, none of the used current densities values reached E f = 100% value. These results indicate that other parallel reactions may have occurred, which could compete with the main reduction reactions of the metallic ions. The hydrogen evolution reaction (HER) was the most likely parallel reaction that consumed part of the applied current density, thereby preventing that E f = 100% be obtained in the deposition process. Figure 1 . Cathodic polarization curve of carbon steel substrate obtained from the solution containing Cu (II) and Sn (II) ions, as well as sodium tartrate as the complexant agent.
As Cu (II) is the noblest ion in the bath, it is expected that lower current density values favor the copper deposition 6, 10, 24 . On the other hand, higher current density values would be useful to obtain tin-rich coatings. However, it is also important to point out that at higher cathodic current density region (very negative potentials) the hydrogen evolution reaction (HER) should prevail to the reduction of Sn (II) ions. Thus, analyzing all the polarization curve in Figure 1 , ). Therefore, the stability constants for Cu-tartrate (CuL2 2-) and Sn-tartrate (SnL2 2-) complexes under this condition are, respectively, 1.00 X 10 4 and 3.02 X 10 11 25 , suggesting that the reduction of both metallic ions, mainly Sn (II) ions, would be more difficult in a bath containing sodium tartrate than in a simple aqueous bath.
Cu-Sn alloy coating containing around 4-10% m/m of tin present anticorrosive properties and may also be used as decorative parts 26 . The chemical composition of coatings produced in the present work ( Table 1 , the negative potential value likely favored the HER instead of the Sn (II) ions reduction. Therefore, the applied current density affected the chemical composition of the Cu-Sn alloy deposited on steel.
Based on the current efficiency data and on the chemical composition of the alloy, it was possible to calculate, for each j value, the effective contribution of the deposition process of each metallic ion as their partial current density (j Cu , j Sn ). As the HER was considered as main parallel reaction in the process, the partial current density for the hydrogen reduction (j H ) was also calculated. j H was obtained as the difference between the total applied current density (j total ) and j Cu + j Sn . These results are shown in Figure 3 .
It is possible to note that the j Cu curve is closer to the j total curve, which shows that the j values used to the electrodeposition of the alloys have been mostly used for the reduction of Cu (II) ions, as seen in Table 1 . It can also be observed that the j H curve is closer to j total than the j Sn curve, confirming that the Sn (II) ions reduction reaction was disfavored when compared to HER, especially at j = 200 A m -2 . The high value (3.02 X 10
11
) of the stability constant for the Sn-tartrate (SnL2 2-) complex could have contributed for this result. Figure 4 shows the morphologies obtained for the Cu-Sn alloys surfaces produced under the conditions described in the present work.
Morphological evaluation by scanning electron microscopy (SEM)
All the produced coatings were uniform, covering all the surface of the carbon steel substrate, presenting well-distributed grains for all over the surface and no visible defects. The morphology of Cu-Sn alloys in the form of spherical grains is well reported in literature 1, 27, 28 .Other surface morphologies are also reported for Cu-Sn alloys, such as needles 29 and the dendritic morphology 30 . This latter morphology is usually associated with a coating in which the copper ions reduction was favored, decreasing the reduction of tin ions. Moreover, these films lacks adhesion. In the present work, no coatings presented the dendritic morphology. Coarse spherical grains were obtained for the coatings produced at j = 20 A m -2 and j = 50 A m -2 ( Figures 4A and 4B , respectively), while those produced using higher current density values tended to became more refined, decreasing the grain size. Coatings containing around 5% m/m Sn presented a more compact morphology ( Figures 4B, 4C and 4D ), while loose layer scan be observed on the surface of thoses amples containing no or few amounts of tin ( Figures 4A and 4E ). This result shows that the variable j affected both the composition and the morphology of the coatings. A higher surface uniformity and smaller grain sizes were observed in the coating produced using j = 100 A m -2 ( Figure 4D ). Figure 5 shows the Nyquist diagrams for the Cu-Sn coating/steel substrate systems in NaCl 0.5 mol L -1 . The Nyquist diagram for the naked carbon steel substrate in the same electrolyte is also shown, as comparison. The diameters of the capacitive loops in the Nyquist diagram indicate a higher coating resistance to charge transfer. In Figure 5 , it can be observed that only the coating produced using j = 100 Am -2 presented a capacitive loop diameter higher than that obtained for the bare carbon steel substrate. This result suggests that only the film produced using this current density value could be considered as a protective coating, decreasing the corrosion of the substrate. On the other hand, the coatings produced using the other j values did not show satisfactory anticorrosive resistance, mainly those produced at j = 20 A m -2 and j = 200 A m -2 .
Anticorrosive evaluation of the coatings
and CPE represents the constant phase element associated with the capacitance of the electric double layer. The EIS data for the Cu-Sn coatings were simulated using a different equivalent circuit model, shown in Figure 6B , due to the presence of a film (the coating) on the mild steel substrate surface. In this case, R f and CPE f refer to the resistance and constant phase element of the film, respectively. The fitting was considered appropriate for an error value lower than 1% 32 . The results of EIS can also be analyzed using equivalent electrical circuit models, where the values of charge transfer resistance (R ct ) and capacitance of the double electric layer (C DCE ) are obtained by simulating the electrochemical data 31 . Figure 6A illustrates the circuit used to simulate the EIS data obtained for the bare carbon steel substrate, where R s is the electrolyte resistance R ct is the charge transfer resistance, Figure 6 . Equivalent circuit models used to simulate the EIS data of (A) the bare carbon steel substrate; (B) the Cu-Sn coatings.
The R ct and C DCE values obtained after the simulation of the EIS data of all tests are presented in Table 2 . An increase in the R ct and a decrease in C DCE values can be related to coatings presenting anticorrosive characteristics 1, 2 . As the capacitance of the double electric layer is related to the tendency of substrate to undergo oxidation, small C DCE values indicate that the films showed high corrosion resistance. The C DCE and C DCEf values, also shown in Table 2 Figures  4B, 4C and 4D , respectively. Therefore, it is possible to verify that, as the applied j values have influenced on the Sn content and on the morphology of the coatings, this parameter also affected their anticorrosive properties.
Confirming the observation of the Nyquist diagram, the coating produced using j = 100 A m -2 (95.18 % m/m Cu and 4.83 % m/m Sn) presented the best anticorrosive performance, showing the highest R ct value and the smallest value of C DCE . This coating also presented a refined and compact morphology, with small grain size and no defects ( Figure 4D ). These characteristics likely contributed to the performance of this film as a protective coating. Therefore, this coating was selected to be microstructurally characterized and to have its anticorrosive performance evaluated for long periods of immersion in the corrosive environment. 
Characterization of the Coating
Microstructural evaluation
The microstructure of the selected Cu-Sn coating was evaluated by XRD technique and the diffractogram obtained for this coating is shown in Figure 7 . It is possible to observe well-defined diffraction lines related to the coating and to the steel substrate. However, this line presented low intensity. This may be due probably to the fact the film produced is thin (1.89 x 10 -4 cm) and also by the small diameter of the grain (15.93 nm, calculated based on the most intense diffraction line 2θ = 43.5°). Table 3 , when investigating the electrodeposition of Cu-Sn alloys from a methanesulfonic acid electrolyte containing perfluorinated cationic surfactant. In this case, however, segregated tin phases were also observed. CuSn alloys coatings were produced from a bath containing sorbitol by Finazzi et al. 8 and the main phases evidenced in the XRD pattern were Cu 3 Sn and a segregated Cu phase. Therefore, the microstructural phases obtained in the present work for the selected Cu-Sn coating are in accordance with the main results presented in the literature. Although these authors have not related the presence of these phases with an increase in corrosion resistance, it can be suggested that the small grain size in the coating obtained in the condition of j = 100 Am -2 (15.93 nm), contributed to the performance of this film as a protective coating 1 .
Long-term anticorrosive evaluation
The coating obtained using j = 100 A m -2 was evaluated by EIS after being immersed in the corrosive environment for 24 hours, in order to verify its behavior as a long-term anticorrosive coating. As a comparison, Figure 8 shows the Nyquist diagram for this coating after 24 hours and 1 hour of immersion in NaCl 0.5 mol L -1 . It can be seen that the diameter of the capacitive loop of the Cu-Sn coating after 24 hours of immersion in NaCl 0.5 mol L -1 increased, when compared to the same coating evaluated after 1 hour of immersion. This result suggests that the film produced using j = 100 A m -2 provided long-term corrosion resistance for carbon steel in NaCl 0.5 mol L -1 . 0.677 Table 4 shows the R ct and C DCE values obtained after the simulation of EIS data, using the circuit shown in Figure 6B , for the Cu-Sn coating analyzed after 24 hours of immersion. The results obtained for the experiment performed with the same system, after being immersed for 1h in the same corrosive medium are also presented in this table, for comparison.
It is possible to note that the coating analyzed after 24 hours of immersion in NaCl 0.5 mol L -1 showed a higher R ct value and a lower C DCE value, when compared to the results of the same coating after 1 hour of immersion, confirming the results seen in the Nyquist diagram ( Figure 8 ). The longterm exposure (~21 hours) of Cu-Sn alloy in NaCl solution leads to the formation of SnO 2 and Cu 2 O on the surface of the material, as observed by Debiemme-Chouvy et al. 35 using X-ray photoelectron spectroscopy (XPS). Šatović et al. 36 considered the presence of these oxides on the surface of bronze (Cu 6 Sn), exposed to Na 2 SO 4 0.015 mol L -1 solution, as the responsible for the increasing in the R ct values after 48 hours of exposure. Therefore, in the present work, the observed result can be related to the formation of metallic oxides on the coating surface, preventing its dissolution and contributing to the increase in the R ct values.
Conclusions
Cu-Sn alloy coatings were electrodeposited on carbon steel using an electrolytic bath containing sodium tartrate. The cathodic current efficiency (E f ) values, obtained for all the experiments, were higher than 70% and the coatings presented chemical composition close to that of the commercial bronze, except when the smallest (j = 20A m -2 ) and the highest (200 A m -2 ) values of current density were used. Uniform coatings, presenting more refined morphology and smaller grain size were obtained as the current density increased, until j = 100 A m -2 . The electrochemical characterization showed that the corrosion protection of the produced films increased in a similar way and the film obtained using j = 100 A m -2 presented the highest corrosion resistance. The XRD analysis of this film showed, mainly, the presence of Cu 3 Sn and Cu 6 Sn 5 phases. Moreover, it presented an improved anticorrosive performance after 24h of immersion in NaCl solution, indicating that this coating/ substrate system could be used for long-term application in aggressive environments.
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